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Abstract 
Hydraulic tanks have a variety of different tasks. The have to store the volume of oil 
needed for asymmetric actors in the system as well as to supply the system with 
preconditioned oil. This includes the deaeration as air contamination is affecting the 
overall system performance. The separation of the air in the tank is being realized 
mainly by passive methods, improving the guidance of the air and oil flow. The use of 
CFD models to improve the design of hydraulic tank is recently often discussed. In this 
paper, a design method for hydraulic tanks using CFD is presented and discussed. 
First the different requirements on a hydraulic tank are described as well as the 
motivation changing the tank designs. Additionally, a quick overview on different 
calculation models for the behavior of air in oil as well as the capabilities of CFD to 
reproduce them is given. After this the methodology of tank design applying CFD is 
presented. The method is then used in an example. 
KEYWORDS: hydraulic tank, hydraulic reservoir, tank design, air in oil, deaeration, 
CFD  
1. Introduction 
In a hydraulic system, the purpose of the hydraulic tank is to provide the hydraulic 
system with oil of a certain quality. The system needs oil which is air-free, has a certain 
temperature and is free of pollutants. Pollutants, especially solid particles are typically 
removed from the oil with a filter which can be positioned for example prior to the tank 
or within the tank. As there are certain returning flows where a pressure drop is not 
allowed, not all returns can be filtered. Suction filters can be fitted into the system 
additionally. Furthermore, most of the pollutants are denser than oil and therefore 
accumulate at the bottom of the tank in those systems. The temperature control of the 
oil can also be done externally by an oil-cooler or internally by convection. A separate 
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cooler is needed in most mobile hydraulic systems as many power losses due to 
different loads result in a high heat input. If there is less cooling needed, the convection 
on the surface of the tank can be used to cool the oil. This can be done by actively 
forced convection as well./1/ Active systems can be used also for the separation of air. 
These are mainly used in stationary hydraulics. In most hydraulic systems the 
deaeration is solely reached by passive measures. Such designed solutions are baffles 
to direct the flow or wire-gauzes to hold back air bubbles. 
The amount of oil in the hydraulic tank is typically much more than the volume needed 
for the operation of asymmetric actors like hydraulic cylinders. As indication for the 
assessment of the installed oil volume the theoretical residential time ݐ௥௘௦௜ௗ௘௡௧௜௔௟ can be 
used. It is defined as the oil volume in the tank divided by the typical volume flow of the 
hydraulic pump: 
ݐ௥௘௦௜ௗ௘௡௧௜௔௟ ൌ
௢ܸ௜௟
ܳ௣௨௠௣
 (1) 
This residential time is only reached if the flow in the hydraulic tank is completely 
uniform, which would only be the case if a laminar tube flow is present. The designing 
goal of measures in the tank is to guide the flow in a way that all of the oil nearly 
reaches this theoretical residential time. A high real residential time implies a good 
passive separation of air and pollutants. 
In the context of the design of a hydraulic tank there are different incentives to design 
the oil tank as small as possible. On the one hand a small oil volume results in lower 
total cost of ownership which gets more and more important. On the other side the 
space for the tank is in competition with other components of the machine. Especially 
due to the rising complexity of mobile machines in power supply (e.g. exhaust 
treatment systems, turbo intercooler) as well in the comfort and functionality (e.g. 
electro-hydraulic systems, air conditioning) the available space on the machine has to 
be used for more and more components. As result the hydraulic tank is fitted into 
smaller spaces. 
As the requirements for oil quality are rising, the same deaeration has to be achieved in 
a shrinking volume. This can only be reached by improving the tank design. In order to 
assess the air separation in early stages of the product development and/or to save 
test expenses, today in most cases methods of computational fluid dynamics (CFD) are 
proposed. /1,2,3,4/ With CFD models the impact of measures in the hydraulic tank as 
well as the air separation in general can be simulated and improved. 
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In this paper a development method is presented which can be used as a framework 
for designing hydraulic tanks with support of CFD. This was developed in a research 
project at the Institute of Mobile Machines and Commercial Vehicles of the Technische 
Universität Braunschweig. First, different methods of CFD are discussed which can be 
used to predict the air separation in hydraulic tanks and how the behavior of air 
bubbles in oil can be described. Then, the sequence of the development method is 
discussed and the possible use of CFD simulation is presented. The described method 
is then employed to an example. Afterwards, the impact of a variation of design 
parameters is shown and discussed. Finally, an outlook is given, how the methods can 
be improved and extended in the future. 
2. Modelling of air in hydraulic oil 
CFD models can be classified as single-phase or multi-phase models. In this paper the 
fundamental characteristics of the models are described. A more detailed overview is 
given in /3/ as well as in /5,6/. 
In the context of modelling the behavior of air and oil within a hydraulic tank - which is a 
multi-phase problem - also a single-phase model can be used to get knowledge of the 
flow. As the fluid in a single-phase model has the same physical parameters in the 
whole computational domain, no specific predictions of the behavior of air can be 
made. But the basic parameters of the tank design, e.g. the residential time, can be 
calculated as well as the main streamlines can be detected. With the information that 
air has a lower inertia and higher buoyancy, the flow of air can be estimated out of the 
streamline of oil. It can be supposed for example, that at low velocities and bends the 
air flow separate from the oil flow. 
Multi-phase flows can be modelled in different ways to regard the characteristics of 
homogeneous or heterogeneous flows. The flow of air in oil is depending of the size of 
bubbles either homogeneous or heterogeneous. For estimating the deaeration only the 
heterogeneous behavior is of interest. These flows can be modelled with the so-called 
Euler-Euler model. In this model all phases are calculated with their own complete 
equation system. The challenge of this model is the calculation and therefore modelling 
of the exchange forces between the different phases. These forces are modelled as 
source terms in the individual equation system of the phase. As result of the calculation 
the information for all parameters of the flow are known for each calculation cell, 
independent of the phase fraction. This must be kept in mind when interpreting the 
result, since parameters - e.g. a phase velocity - will be calculated even if the phase is 
not present in the cell. 
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In order to describe the behavior of air in oil correctly many parameters in the model 
have to be adapted to the air-oil-mixture. In particular the buoyancy and drag of the 
bubbles has to be calculated precise to predict the separation of air. In /4/ an 
experimental investigation of these parameters is presented. The difference of the 
buoyancy of air bubbles in oil to the model of Stokes is described. It is shown that with 
rising viscosity of the oil the behavior of the air bubbles converges to the Stokes model. 
Furthermore the buoyancy - and therefore the deaeration - is dependent on the size of 
the air bubbles. The size of an air bubble can vary due to solution and release from the 
oil. This mechanism is highly dependent of the solution equilibrium and therefore of the 
local pressure. The mechanism can be described with Henry’s Law. Additionally, 
bubbles can coalescent to larger bubbles which have higher buoyancy. In /4/ it is 
reported that for ISO VG 32 and ISO VG 46 oils air bubbles be of to be of a minimum 
diameter ݀௕௨௕௕௟௘ ൌ ͲǤͻ. 
Eventually the buoyancy of an air bubble is determining whether an air bubble can be 
separated within the tank or not. The less the buoyancy, the less is the relative velocity 
of an air bubble to the surrounding oil flow. Figure 1 shows exemplarily the theoretical 
terminal velocity of an air bubble in oil according to Stokes’ drag (Equation 2) 
calculated for ISO VG 46, ௢ܶ௜௟ ൌ ͶͲιǡ ߩ௢௜௟ ൌ ͺ͸ͷ

͵
ǡ ߤ௢௜௟ ൌ ͲǤͲ͵ͻͺ


ǡ ߩ௔௜௥ ൌ ͳǤͳʹ͹

͵
. 
Bubbles with a diameter larger than ͳǤͷ change their shape; therefore Stokes’ drag 
is not applicable. This is indicated by the grey area. 
ݒ௕௨௕௕௟௘ ൌ
݀௕௨௕௕௟௘ଶ ڄ ݃ ڄ ሺߩ௢௜௟ െ ߩ௔௜௥ሻ
ͳͺ ڄ ߤ௢௜௟
 (2) 
In Figure 1, the strong dependency of the bubble diameter can be identified. A bubble 
with a diameter of ݀௕௨௕௕௟௘ ൌ ͲǤͷ has quarter the buoyancy of a bubble with diameter 
݀௕௨௕௕௟௘ ൌ ͳ. As Stokes’ drag describes the flow around a rigid sphere, it is not 
always suitable for bubbles. Different models have been developed to describe this 
change by a so-called drag coefficient. Nevertheless this only changes the slope of the 
dependency of the velocity on the size of the bubble in cases of a spherical bubble. 
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 Figure 1: Dependency of bubble velocity on diameter 
3. A development method for hydraulic tanks 
The here proposed methodology for the development of hydraulic tanks is separated 
into four steps. The aim of the method is to develop a design of a hydraulic tank 
optimized for the separation of oil. In the description of the methodology it is simplified 
that the tank has one return and one suction port and a prismatic shape. In Figure 2 
the sequence of the method is depicted which is described in the following. 
In the first step, the information needed for the design has to be gathered. This 
includes the available space, the positioning of return and suction, the number of 
components that have to be installed within the tank and if there are any design 
freedoms in positioning. For the simulations, a typical volume flow and the air fraction 
have to be known or estimated. Furthermore, the geometric position of the tank within 
the machine has to be known as well as information about the machine and tank being 
exposed to different static inclinations within the operation. 
The exposure to inclinations is substantial for the further proceeding. In general the 
designs can be divided into those where the tank is not inclined or just in one 
(preferential) direction and the designs where inclinations in two directions have to be 
regarded. For cases of rotation around the vertical axis it is assumed that these 
rotations are only of short duration and therefore a transient problem. Afterwards the 
case with only one inclination direction is referred as “2D-problem” since baffles can be 
positioned on a plane. If two inclination directions are possible, all spatial directions 
have to be considered for the flow. Therefore, these problems are referred as “3D-
problems” hereafter. 
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 Figure 2: Sequence of proposed development method 
In the transition from the first to the second step the return and suction port are 
positioned. Ideally they are positioned in a way that the connecting line is as long as 
possible. In the case of a 2D-problem the inlet and outlet can be positioned spatially 
close to each other. In the further steps a separating baffle has to be implemented in 
order to prevent a short circuit flow. In case of a 3D-problem both ports should be 
positioned in opposing corners of the base plane with a certain gap to the walls of the 
tank. 
As second step the initial design is assessed. Here, the theoretical residential time 
should be calculated as well as the real residential time estimated using the flow 
behavior in simulation. The latter can be done with a single-phase CFD model. Based 
on the computed streamlines the paths of the oil (and with this the paths of air) can be 
identified and potential improvements for the flow guidance can be developed. With the 
length and the distribution of speed along the main streamline the real residential time 
can be ascertained. 
According to /7/ the typical bubble diameter and the filling height of the tank can be 
used to calculate an ideal residential time, assuming a uniform flow. As shown in 
Figure 1, a bubble with the diameter of ݀௕௨௕௕௟௘ ൌ ͳ reaches a rising velocity of 
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ݒ௕௨௕௕௟௘ ൌ ͳͳǤͺ


. For a tank with the filling height of ݄௧௔௡௞ ൌ ͵ͷͲ a residential time 
of ݐ௥௘௦௜ௗ௘௡௧௜௔௟ ൌ ͵Ͳ is sufficient to separate bubbles of that size. The necessary time 
can be lower and is subject to the design of the tank and the resulting flow. 
As conclusion of the second step the possible symmetries in the tank are identified. For 
2D-problems the measures should be positioned symmetric to an axis parallel to the 
axis of inclination. In case of a 3D-problem the measures should be planned point-
symmetric to the center of the connecting line between the return and suction. 
In the third step the desired streamline is drafted with the defined symmetries. In order 
to reach the desired flow, adapted measures have to be implemented into the tank 
design. The measures can be divided into two categories: measures with a two-
dimensional characteristic and those with a three-dimensional characteristic. An 
overview of the measures is given in Table 1. 2D-measures are sheet metals which are 
used as either horizontal or vertical oriented baffles. Here, the fluid is either forced to 
flow around or over the baffle. 3D-measures can be differentiated between inclined 
wire-gauzes and inclined baffles. At a wire-gauze air bubbles are held back and may 
coalescent, whereas an inclined baffle is used to force the flow up or down. 
All measures can be used for 2D-problems as well as for 3D-problems. In case of a 
3D-problem caution is required when using 3D-measures. It is important that the 
measure is positioned in an area where the flow cannot reverse as the effect can turn 
negative. 
2D Measures 3D Measures 
Horizontal oriented 
baffles 
Inclined Wire-gauzes 
Vertical oriented 
baffles 
Inclined Baffles 
Table 1: Measures for flow guidance 
After implementing the measures in the third step the resulting geometry of the tank 
can be used for assessment. In the fourth step, the air separation behavior of the tank 
is computed using CFD. An Euler-Euler model according to the boundary conditions 
Group M - Hydraulic Components | Paper M-4 625
(e.g. typical volume flow, phase fractions, air bubble size) is set up and calculated. 
Based on the results of the simulation it can be interpreted whether the tank design 
meets the desired air separation or not. If this is not the case the third and fourth step 
have to be done again, by reconsidering the measures and improving them. 
4. Exemplary application of the method 
In this segment, the previous presented method is applied to an example. For this a 
tank with a prismatic shape and the internal dimension of ͷͲͺ כ ͵͸ͷ כ ͶͳͲ is 
investigated. The filling height is ݄௢௜௟ ൌ ͵ͷͲ therefore the volume of oil is approx. 
௢ܸ௜௟ ൌ ͸ͷ ڄ ͳͲିଷଷ. The pump is estimated to have a typical volume flow of ܳ௉௨௠௣ ൌ
ͳǤͳ ڄ ͳͲିଷ 
య

ൌ ͸͸ ௟
௠௜௡
 and with this the theoretical residential time is ݐ௥௘௦௜ௗ௘௡௧௜௔௟ ൎ ͸Ͳ. 
The tank is regularly inclined in both base directions hence it is a 3D-problem. The 
return and the suction port are placed in opposite corners of the tank. In Figure 3 the 
tank and its dimensions are shown. The line in the upper half represents the filling 
height of the oil. The tube on the left is the return, the one in the opposite corner the 
suction. 
 
Figure 3: Dimensions of exemplary simple tank 
A single-phase simulation of the oil yields the real residential time minimum of ʹͻ. As 
boundary conditions the abovementioned volume flow of the pump as well as the 
physical parameters of an ISO VG 46 oil are used. In order to calculate the 
ideal/sufficient residential time, bubbles of diameter ݀௕௨௕௕௟௘ ൌ ͳ are assumed. As 
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mentioned above, bubbles of that size have a good chance to be separated and can 
coalescent according to /4/. The ideal residential time then results to ͵ͲǤ 
In order to assess the effectiveness of the used measures, a multi-phase simulation for 
this simple tank design is performed as well. Bubbles are modelled with a diameter of 
݀௕௨௕௕௟௘ ൌ ͳ and it is assumed that the volume fraction of air at the inlet is ߮௔௜௥ ൌ
ͷΨǤ As initial condition this volume fraction is applied to the whole oil domain, the air 
gap above the filling height is assumed as pure air. Therefore, the air bubbles will rise 
to the top of the tank. At the outlet the air fraction is expected to converge to an 
equilibrium over time. The multi-phase simulation yields a convergence to a phase 
fraction of ߮௔௜௥ ൌ ͲǤʹ͵Ψ at the outlet. As only bubbles with the diameter ݀௕௨௕௕௟௘ ൌ ͳ 
are modelled, the volume fraction is just corresponding to this size! 
In the next step, two vertical oriented baffles are placed in order to extend the 
streamline. The dimensions and position are chosen arbitrary but regarding the 
symmetry point. In Figure 4 the new design is shown. The multi-phase simulation with 
the same boundary conditions as above yields a phase fraction of ߮௔௜௥ ൌ ͲǤͳͲΨ at the 
suction port. Therefore, an improvement of doubling the deaeration is achieved with the 
additional baffles. 
 
Figure 4: Position of baffles in changed design 
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5. Variation of Parameters 
As the fictional example has no certain target value for the air separation, the arbitrary 
parameters are now varied for estimating the impact of changes. First, the variation of 
the volume flow of the pump is doubled in both variants (with and without baffles). 
Therefore the theoretical residential time is now ݐ௥௘௦௜ௗ௘௡௧௜௔௟ ൎ ͵Ͳ a realistic parameter 
for mobile hydraulic applications. 
In Figure 5 the area-weighted phase fraction of air at the suction port is shown over 
time for the doubled volume flow ܳ௉௨௠௣ ൌ ʹǤʹ ڄ ͳͲିଷ
య

 for both variants. It can be 
identified that for the initial, simple design the oil at outlet gets faster deaerated, but 
results in a higher stationary value than in the design with the baffles. This can be 
explained by the different streamlines. Where in the initial design the air is separated 
near the return and the degassed oil quickly reaches the suction, in the design with 
baffles a more uniform flow is reached and therefore a better deaeration is possible. 
The air fractions after ͳʹͲ yield to ߮௔௜௥ ൌ ͳǤͷ͹Ψ for the initial design and ߮௔௜௥ ൌ ͳǤ͵͵Ψ 
for the design with baffles. 
 
Figure 5: Air separation for doubled volume flow 
In a second variation the length of the baffles is varied to ͳͷͲ and ʹ͹Ͳ and 
simulated with the initial parameters. In this particular example no improvement could 
be observed as neither the air fraction at outlet nor the time delay changes in a 
significant way. This implies that the change of the streamline due to the measures is 
as shown above a crucial factor for the deaeration. But for related designs with minor 
changes to the streamline a change of design parameters has not the influence as 
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maybe expected. However it can be seen that the use of CFD to assess the design 
concept in early stages of the development is needed, as to improve the deaeration 
major changes in the design are necessary. 
6. Conclusion and Outlook 
The design of hydraulic tanks in general has to be improved since the requirements are 
increasing. One important aspect is to maintain the deaeration performance when 
changing - especially shrinking - the volume of the tank or the design. The use of CFD 
simulations to assess and predict the behavior of air in oil is commonly proposed. In 
this paper a development method for hydraulic tanks applying CFD simulations was 
presented. The method was applied to an example, showing the impact of baffles to 
the design. 
The results show that the effect of baffles especially their size and positioning should 
be investigated in more detail. The assumption that the deaeration of air bubbles of a 
certain size is an indicator for the overall deaeration performance has to be validated 
by further simulation as well as by measurements. Further the impact of different drag 
models and the changes in oil viscosity dependent on oil temperature and type should 
be investigated. At last the impacts of different design measures have to be further 
assessed and a general design theory has to be developed 
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8. Nomenclature 
݀௕௨௕௕௟௘ Diameter of Bubble  
݃ Gravitational Acceleration 

ଶ
 
ܳ௣௨௠௣ Volume Flow of Pump 
ଷ

 
௢ܶ௜௟ Temperature of Oil  
ݐ௥௘௦௜ௗ௘௡௧௜௔௟ Residential Time  
ݒ௕௨௕௕௟௘ Velocity of Bubble 


 
௢ܸ௜௟ Volume of Oil ଷ 
ߤ௢௜௟  Dynamic Viscosity of Oil 


 
ߩ௔௜௥ Density of Air 

͵
 
ߩ௢௜௟  Density of Oil 

͵
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